The tumour suppressor p16 is a member of the INK4 family of inhibitors of the cyclin D-dependent kinases, CDK4 and CDK6, that are involved in the key growth control pathway of the eukaryotic cell cycle. The 156 amino acid residue protein is composed of four ankyrin repeats (a helix-turn-helix motif) that stack linearly as two four-helix bundles resulting in a non-globular, elongated molecule. The thermodynamic and kinetic properties of the folding of p16 are unusual. The protein has a very low free energy of unfolding, ÁG H 2 O DÀN , of 3.1 kcal mol À1 at 25 C. The rate-determining transition state of folding/unfolding is very compact (89 % as compact as the native state). The other unusual feature is the very rapid rate of unfolding in the absence of denaturant of 0.8 s À1 at 25 C. Thus, p16 has both thermodynamic and kinetic instability. These features may be essential for the regulatory function of the INK4 proteins and of other ankyrin-repeat-containing proteins that mediate a wide range of protein-protein interactions. The mechanisms of inactivation of p16 by eight cancer-associated mutations were dissected using a systematic method designed to probe the integrity of the secondary structure and the global fold. The structure and folding of p16 appear to be highly vulnerable to single point mutations, probably as a result of the protein's low stability. This vulnerability provides one explanation for the striking frequency of p16 mutations in tumours and in immortalised cell lines.
Introduction
Progression through the eukaryotic cell cycle is regulated by the activities of the cyclin dependent kinase (CDK) family of proteins, a key control point being the G1 to S transition when the cells commit themselves to replicate DNA. Two cyclin D-dependent kinases, CDK6 and CDK4, become activated at this transition and phosphorylate the retinoblastoma gene product (pRb), which then allows the transcription factor E2F to activate several genes associated with S phase progression (for a review, see Weinberg, 1995) . The INK4 proteins bind to and inhibit speci®cally CDK4 and CDK6, and thus negatively regulate cell cycle progression. p16 INK4A (referred to subsequently as p16) is a member of the INK4 family and is mutated in many types of tumours (Pollock et al., 1996; Ragione et al., 1997; Shapiro et al., 1995; SmithSorensen & Hovig, 1996) . Loss of p16 function is second only to inactivation of p53 as the most frequent event observed in human tumours. Many of the mutations in p16 are inactivating point mutations and they are spread throughout the sequence (Cordon-Cardo, 1995; Koh et al., 1995; Ranade et al., 1995; Yang et al., 1995) . Serrano et al. (1993) and Kamb et al. (1994) ®rst identi®ed the gene for p16, and demonstrated that p16 can inhibit the activity of CDK4. There is considerable evidence for its tumour suppressor activity, the most compelling of which are the observations that mice lacking p16 develop tumours early (Serrano et al., 1996) , and that germline mutations of p16 are found in patients with familial melanoma and co-segregate with predisposition to this disease (Hussussian et al., 1994; Ranade et al., 1995) ; p16 may also play a critical role in the senescence mechanism (Alcorta et al., 1996; Loughran et al., 1996; Serrano et al., 1996) : p16 mRNA has a very low turnover (Hara et al., 1996) , and expression of p16 in primary cell cultures is maximal as they approach the limit of cell divisions. Further, it has been shown that senescence breaks down following p16 inactivation (Serrano et al., 1996) .
The INK4 protein family includes, in addition to p16, p15
INK4b (Hannon & Beach, 1994) , p18
INK4c (Guan et al., 1994) , and p19 INK4d (Chan et al., 1995) ; p15 and p16 have $80 % sequence identity whereas p18 and p19 are $40-50 % identical with p16 and with one another. The four proteins are biochemically and functionally indistinguishable with respect to their interactions with CDK4 and CDK6 in vitro, but only p16 has been linked directly to tumours. This suggests that the other INK4 proteins may have non-redundant and cellspeci®c functions (Sherr, 1996; Sherr & Roberts, 1995) . The INK4 proteins have a series of 33 amino acid residue repeats named``ankyrin'', that were originally found in the protein ankyrin (Lux et al., 1990) . Subsequently, they have been identi®ed in many proteins of diverse function, including many nuclear cell cycle regulators (Bork, 1993; Greenwald & Rubin, 1992; Helps et al., 1995) , and they occur in at least four consecutive copies in each protein. The ankyrin repeat regions of several proteins are involved in protein-protein interactions, and the diversity makes it unlikely that the motif has a highly specialised function.
The ankyrin repeat consists of a helix-turn-helix motif, with successive repeats linked by a b-hairpin in the structures of p53-binding protein, 53BP2 (Gorina & Pavletich, 1996) , p19 (Luh et al., 1997) and p18 (Venkataramani et al., 1998) . The helices between two neighbouring repeats interact to form four-helix bundles, and the b-strands interact to form an antiparallel b-sheet, and the plane of the b-strand regions is approximately orthogonal with the axis of the helical segments. The b-sheet in 53BP2 forms along the entire length of the protein, whereas in p18 this is limited to inter-repeat structures; p18 and p19 both have an additional ankyrin repeat compared with p16 (Byeon et al., 1998) , and p16 appears to be more conformationally¯exible than p18 and p19. Speci®cally, the antiparallel b-hairpin structure was not detected in p16. The greatest sequence diversity between the INK4 proteins is in the b-hairpin region, and this region of the fourth repeat in 53BP2 interacts with p53 (Gorina & Pavletich, 1996) .
Unlike other CDK inhibitor proteins, p16 is able to bind to CDK4 in the absence and in the presence of cyclin D (Guan et al., 1994; Hirai et al., 1995; Parry et al., 1995; Serrano et al., 1993; Zindy et al., 1997) . Thus, p16 has been thought to function by displacing the cyclin D subunit and/or by direct inhibition of the CDK catalytic site. Recent structures of p16 and p19 bound CDK6 (Russo et al., 1998) and of p19 bound to CDK6 (Brotherton et al., 1998) are consistent with these two mechanisms of action. The INK4 proteins bind next to the ATP binding site of the catalytic cleft, opposite the site where the activating cyclin subunit is expected to bind, and they cause structural changes that could indirectly prevent cyclin binding. They also distort the kinase catalytic cleft and thus interfere with ATP binding, and this explains the observation that they can inhibit the pre-assembled CDK-cyclin complexes.
Studies have demonstrated that p16 is relatively unstable and suggested that its structure is highlȳ exible (Boice & Fairman, 1996; Byeon et al., 1998; Tevelev et al., 1996; Zhang & Peng, 1996) . We present a detailed analysis of the thermodynamics and kinetics of folding of p16. The results may provide insights into the ankyrin repeat motif and its role in biology. We also describe a comprehensive assay for the structural and thermodynamic effects of point mutations of p16. Studies have shown that some cancer-associated mutations have reduced helical structure and increased propensity to aggregate (Byeon et al., 1998; Tevelev et al., 1996; Zhang & Peng, 1996) . Our approach gives a detailed description of the conformational behaviour of the mutant proteins. The results provide an alternative point of view with which to discuss the behaviour of the INK4 proteins observed in vivo.
Results
The original cDNA clone of p16 was N-terminally truncated by eight amino acid residues (Serrano et al., 1993) , and later the full-length sequence of 156 residues was discovered (Hannon & Beach, 1994) . The truncated form has the same activity as the full-length protein (Ranade et al., 1995; Serrano et al., 1993; Yang et al., 1995) . We have expressed full-length p16 as a glutathione-Stransferase (GST) fusion protein and removed the GST tag, leaving a glycine and serine at the N terminus of p16. The thermodynamics and kinetics of folding of full-length p16 were measured and were identical with those of the truncated form (data not shown). This result is consistent with the structure of p16 which shows that the ®rst 13 residues of the full-length protein are unstructured and do not form part of an ankyrin repeat (Byeon et al., 1998) . The truncated version could be expressed at signi®cantly higher levels (Tevelev et al., 1996) , and therefore the studies below have used this form of the protein.
Equilibrium stability of p16
The denaturation of p16 was monitored using several probes in order to determine whether any intermediate species are populated at equilibrium. Studies of p16 have used circular dichroism in the far-UV region to monitor loss of helical structure upon chemical denaturation (Boice & Fairman, 1996; Tevelev et al., 1996; Zhang & Peng, 1996) .
The urea-induced denaturation curve, measured by far-UV CD in 50 mM Tris-buffer (pH 7.5) at 25 C, is shown in Figure 1 (a). The data can be ®tted to a two-state model (equation (3)), according to which only native and denatured states are populated, and there are no partly folded species. p16 unfolds reversibly as judged by complete regain of the native CD spectrum. The midpoint of denaturation is 1.87(AE0.01) M urea, the m-value is 1.7(AE0.1) kcal mol À1 M
À1
, and the free energy of unfolding in water, ÁG H 2 O DÀN , is 3.1(AE0.1) kcal mol
. Another simple conformational probe, frequently used to monitor tertiary structure, is¯uorescence spectroscopy. p16 has two tryptophan residues, at positions 15 and 110. The¯uorescence spectrum of p16 has a maximum intensity at 355 nm, indicating that the tryptophan side-chains are fully exposed to solvent, in agreement with other other studies (Boice & Fairman, 1996; Byeon et al., 1998; Tevelev et al., 1996; Zhang & Peng, 1996) . However, unlike these studies, a decrease in intensity was observed when the protein was unfolded in 4 M urea; there was no shift in the wavelength maximum. Thē uorescence at 355 nm is plotted as a function of [urea] in Figure 1 (b) . There is a co-operative decrease in¯uorescence between 0 M and 4 M urea, and an approximately linear increase of similar magnitude above 4 M urea. Thus, the change in uorescence intensity upon unfolding is so small that the change within the baseline is magni®ed. However, the data ®t to a two-state equation, and the midpoint of denaturation of 1.98(AE0.07) M and m-value of 1.7(AE0.3) kcal mol À1 M À1 are in excellent agreement with the CD experiment.
Size-exclusion chromatography provides another probe of tertiary structure, since it measures the hydrodynamic volume of a protein. The elution volume of the native state of a protein should be larger than that of the denatured state and, if the equilibrium between the two is on a slower time scale than the time of chromatography, both species can be separated as individual elution peaks under the appropriate denaturant concentration (Corbett & Roche, 1984; Uversky, 1993) . If the equilibrium is fast, only one peak is observed with an elution volume that is a weighted-mean value of that for the population of the folded and unfolded forms present at equilibrium. The latter behaviour was observed for p16. Size exclusion chromatography was performed in 15 mM sodium phosphate buffer at pH 7.5, containing 100 mM NaCl. p16 elutes as a single peak at a volume of 16.4 ml on an analytical S200 column, which corresponds to a molecular mass of 23 kDa. This is larger than the expected molecular mass of the truncated p16 (15.8 kDa), but this discrepancy can be explained by the non-globular, elongated shape of the protein.
The plot of elution volume versus urea concentration is shown in Figure 2 , together with a far-UV CD denaturation curve performed under identical buffer conditions. The elution volume decreases with increasing urea concentration in a linear fashion at low urea concentrations. Similar behaviour for other proteins has been interpreted as non-speci®c hydrophobic interaction of the protein with the support (Corbett & Roche, 1984; Sanz & Fersht, 1993 ). The increase in stability of approximately 0.5 kcal mol À1 is not a result of the phosphate buffer that was used instead of Tris buffer, but rather was due to the presence of 100 mM NaCl. Thus, p16 is stabilised by salt. The coincidence of the secondary structure probe and the two tertiary structure probes indicate that the protein unfolds at equilibrium in a two-state manner.
Effect of added solutes on the stability of p16
A number of salt solutions were tested to determine whether they stabilise p16. Sodium chloride has a small but signi®cant stabilising effect at a concentration of 0.1 M, as described above. The same concentration of sodium sulphate has a greater stabilising effect (data not shown). The ureainduced denaturation curve is shown at a concentration of 0.35 M sodium sulphate (Figure 1) 
Unfolding kinetics
Unfolding was accompanied by a large and rapid decrease in¯uorescence. Under strong unfolding conditions outside the transition region, the kinetic trace could be ®tted to a single exponential function, representing a single unfolding phase (Figure 3(a) ). The observed rate constant increased with increasing urea concentration outside the transition region (Figure 4(a) ), according to the commonly observed equation:
where k
is the rate constant of unfolding in water and m { À N is a constant that is proportional to the increase in solvent accessible surface area between the native state and the transition state for unfolding.
The urea dependence of the rate constant of unfolding shows slight downward curvature over the wide range of urea concentrations from 3 M and 8 M, and the data ®t better to a second order polynomial of the type:
Similar non-linearity has been observed for a number of other proteins, and has been interpreted as a result of movement of the transition state for unfolding according to Hammond behaviour, and rigorously tested in barnase by mutation (Matouschek & Fersht, 1993; Matouschek et al., 1994) . 
Stopped-¯ow CD at a wavelength of 222 nm was also used to monitor unfolding (Figure 3(b) ). (a) Decrease in¯uorescence, excitation at 280 nm and total emission above 320 nm; (b) loss of negative ellipticity at 222 nm, using a cell of pathlength 0.2 cm. The ellipticity of native protein (in 50 mM Tris (pH 7.5)) is indicated by a square. The protein concentration after mixing is 2 mM for the¯uorescence and 8 mM for the CD. The data are ®tted to a single exponential function.
The loss of negative ellipticity could be ®tted to a single exponential function with the same rate constant as that determined by¯uorescence. The ellipticity of native protein is also plotted in Figure 3(b) , showing that the amplitude of the observed kinetics accounts for the entire ellipticity change expected for unfolding.
Refolding kinetics
The CD spectrum of p16 in 30 mM HCl shows that the protein is essentially unstructured in acid (data not shown). Refolding was initiated by mixing the acid-denatured protein with buffer to give ®nal conditions of 50 mM Tris (pH 7.5), and urea concentrations up to 2 M, and was accompanied by a large increase in¯uorescence ( Figure 5 ). Under strongly native conditions outside the transition region, the data could be ®tted to the sum of three exponentials, representing a fast-refolding Gain of negative ellipticity at 222 nm, using a cell of pathlength 0.2 cm. The ellipticity of denatured protein in 30 mM HCl is indicated by a square. The data are ®tted to a double exponential function, representing the major, fast-refolding phase and the minor, slowest-refolding phase. Inset, fast-refolding phase from 0-0.5 second. The ®nal protein concentration was 2 mM for the¯uorescence experiment and 8 mM for the CD experiment.
phase accounting for $60 % of the amplitude, a slow-refolding phase accounting for $5 % of the amplitude, and slowest-refolding phase accounting for $35 % of the amplitude (Figure 4(b) ). The rate constants of the fast phase decreased with increasing urea concentration, as shown in Figure 4 (a). The rate constants of the intermediate and slow phases exhibited a weaker denaturant dependence.
There was no dependence of the rate constants and their relative amplitudes on the protein concentration in the range 0.5 to 8 mM, showing that the observed kinetics do not arise from oligomerisation or aggregation. Further, identical kinetics were observed when urea was added to the aciddenatured protein to a concentration of 2 M, or when refolding was initiated by dilution of denaturant starting from protein denatured in 3.5 M urea. When the baseline¯uorescence at long folding/unfolding times is plotted versus [urea] , it describes well the equilibrium unfolding transition (Figure 4 (c)).
The slow-refolding reaction is limited by proline isomerisation
Multiple phases in refolding kinetics can arise from intermediates accumulating on a sequential pathway, or from parallel folding pathways. The latter may be a result of heterogeneity in the denatured state arising when proteins contain proline residues, because some of the unfolded molecules may have peptidyl-proline bonds in a non-native conformation, and isomerisation of these bonds can be the rate-limiting event in the folding of these molecules to the native state (Brandts et al., 1975; Nall, 1994; Schmid, 1992) . The ratio of trans to cis isomers in the denatured state depends on the residue that precedes the proline (Dyson et al., 1988a,b; Grathwohl & Wu È thrich, 1976) , but studies of other proteins have estimated it to be at least 5:1 (Jackson & Fersht, 1991a; Kato et al., 1981; Kiefhaber & Schmid, 1992a; Matouschek et al., 1990; Ridge et al., 1981) . There are ten proline residues in p16 which, by analogy with its homologues, all adopt the trans conformation.
Cyclophilin catalyses the cis-trans isomerism of many peptidyl-proline bonds (Lang et al., 1987; Lin et al., 1988) . When acid-denatured p16 was refolded in the presence of an equimolar concentration of cyclophilin, the amplitudes of the three refolding phases were approximately the same as in the absence of cyclophilin. The rate constants of the fast and slow phases were unchanged, but the rate of the slowest phase was accelerated approximately ®vefold (Table 1 ). This suggests that this phase represents refolding of a denatured species that has a non-native peptidyl-proline bond, isomerisation of which to the native form is the ratelimiting step for folding. The weak denaturant dependence of the rate constant for this phase is consistent with this.
Double-jump experiments to detect slow isomerisation processes in the denatured state
In a double-jump refolding experiment, native protein is unfolded under conditions in which the reaction is fast, and then transferred to refolding conditions before proline isomerisation can take place. Thus, it should be possible to identify kinetic complexity arising from a heterogeneous population of slowly interconverting unfolded species (Brandts et al., 1975; Nall et al., 1978; Schmid, 1986a; Schmid & Baldwin, 1978) . p16 was unfolded by rapid mixing of native protein in water with an equal volume of 60 mM HCl. Unfolding was measured under these conditions and is rapid (approximately 200 s À1 ). After 250 ms, at which time the protein was >99 % unfolded, refolding was initiated by mixing with an equal volume of 100 mM Tris (pH 8.1), 2 mM EDTA, to give conditions identical with those for the simple folding experiment. The kinetics of refolding of transiently unfolded protein could be ®tted to a double exponential function, with rate constants and relative amplitudes that were the same as those of the fast and slow phases observed in refolding of equilibrium-unfolded protein. Protein that was allowed to unfold for 50 seconds refolded with kinetics identical with that of equilibrium-unfolded protein. This result provides further evidence that the slowest-refolding pathway is produced by a slow equilibration process (proline isomerisation) in the denatured state. The rate constant for this phase is somewhat faster than that expected for proline isomerisation in an unstructured peptide (Brandts et al., 1975) . Acceleration of proline isomerisation by the formation of structure has been observed in model peptides and in some proteins (Drakenburg et al., 1972; Grathwohl & Wu È thrich, 1981; Jackson & Fersht, 1991b; Schmid, 1986b; Tan et al., 1997) . It is likely, therefore, that there is some residual structure around the proline in the denatured state of the protein.
The slow-refolding phase has a rate constant of approximately 2.5 s À1 and, like the slowest-refolidng phase, also exhibits only a weak denaturant dependence. Minor folding phases with similar time constants (1-10 s À1 ) have been observed for (3) 36 29
All rate constants were measured for refolding of 1 mM (®nal) p16 from 30 mM HCl to ®nal buffer conditions of 50 mM Tris buffer (pH 7.5), at 25 C.
several other proteins (Khorasanizadeh et al., 1996; Kragelund et al., 1995; Rousseau et al., 1998; Walkenhorst et al., 1997) , and it is likely that proline isomerisation in a partly folded state gives rise to this phase.
Double-jump experiments to detect nativelike intermediates
The¯uorescence-detected refolding reaction may correspond to the formation of a native-like intermediate that is spectroscopically indistinguishable from the native state, and that is converted to the native state in an undetected step. It is assumed that an intermediate state would have a lower activation barrier for unfolding than would the native state, and would therefore unfold faster. The following double-jump unfolding experiment allows formation of the native state, speci®cally, to be monitored (Kiefhaber, 1995; Schmid, 1983 Schmid, , 1986a . Acid-denatured protein was mixed with an equal volume of 100 mM Tris (pH 8.1), 2 mM EDTA. The¯uorescence-detected fast-refolding reaction is complete within 200 ms and the slow reaction within 50 seconds. Therefore, refolding was allowed to proceed for times, t f , of 200 ms and 50 seconds before unfolding was initiated by mixing with an equal volume of 9.6 M urea. Irrespective of the refolding time, the unfolding kinetics could be ®tted to a single exponential function with a rate constant equal to that measured for unfolding of native protein. This result shows that the¯uorescence-detected refolding reaction does monitor formation of the native state, and not formation of a partly folded intermediate. The amplitude of the unfolding reaction gives the fraction of native protein present at the time when refolding was interrupted. The amplitude of unfolding when t f 200 ms was approximately 60 % of the amplitude of unfolding when t f 50 seconds, in good agreement with the relative amplitudes of the fast and slow¯uorescence-detected refolding phases. Thus, the kinetics observed by¯uorescence monitor the proportions of native molecules folding in fast and slow reactions.
Rate-limiting proline isomerisation events during refolding of p16
There are ten proline residues in p16, which by analogy with its homologues, all adopt the trans conformation in the folded protein. Proteins that have cis proline residues in the native state often fold slowly because the trans conformation is usually the major form in the denatured state and, therefore, the slow isomerisation steps are rate-limiting in the refolding of the majority of molecules. We have shown that the transiently denatured protein, that should have all proline residues in their native conformations, refolds at the same rate as the major, fast phase observed by¯uorescence and CD for refolding of equilibrium-denatured protein.
Further, the fast phase was shown to represent the formation of the native state, and not the formation of a native-like intermediate. Therefore, the fastrefolding phase most likely corresponds to folding of the fraction of denatured protein that has all its proline residues in the native conformations.
Two minor, slower-refolding phases could be detected. The slowest phase has a rate constant of 0.07 s À1 , exhibits only a weak denaturant dependence, and is ef®ciently catalysed by PPIase (peptidyl prolyl isomerase). These properties are characteristic of a proline isomerisation reaction occurring in the denatured state.
Identification and characterisation of a kinetic folding intermediate
A two-state analysis was applied to the fast refolding phase that corresponds to folding of denatured protein that has all its proline residues in the native conformation. The method has been described in detail (Jackson & Fersht, 1991a; Matouschek et al., 1990) . Figure 4 (a) shows the comparison between k obs and k calculated according to two-state behaviour. The experimental rate constants of the fast-refolding reaction are in good agreement with the calculated rate constants at urea concentrations of greater than 1.5 M, but the experimental rate constants are slower than the calculated ones at lower urea concentrations. We can conclude, therefore, that the folding process of p16 does not ®t to a simple two-state model, but there is at least one intermediate state that accumulates in the refolding kinetics under strongly native conditions (Jackson & Fersht, 1991a; Matouschek et al., 1990) . The intermediate is formed in a fast step, and the observed refolding rate constant is that for the formation of the native state from the intermediate:
In order to characterise the intermediate further, the refolding kinetics were monitored using the ellipticity at 222 nm ( Figure 5(b) ). The data could be ®tted to the sum of two exponential processes. The amplitude and rate constant of the major phase was 6.6(AE0.1) millidegrees and 30.7(AE0.4) s À1 , respectively, for refolding into buffer alone. The amplitude and rate constant of the minor phase were 2.1(AE0.2) millidegrees and 0.14(AE0.01) s À1 , respectively. The two rate constants are similar to those of the fastest and slowest-refolding phases observed by¯uorescence. The intermediate-refolding phases that is observed by¯uorescence could not be ®tted to the CD data. This may be because the percentage amplitude of this phase is very small and the CD data are too noisy to ®t to a triple exponential function. Measurements were also made at urea concentrations of 0.5 M, 1 M and 1.5 M, and the rate constants obtained by ®tting the data to the sum of two exponentials were in good agreement with the fast and slowest phases of¯uorescence data.
Extrapolation of the kinetic curves through the instrument dead-time of 7-8 ms gives an ellipticity at zero time of À10.6(AE0.2) millidegrees, and a total amplitude for the reaction of 10.6(AE0.2) millidegrees. The ellipticity of denatured p16 in 30 mM HCl is À8.2 millidegrees (Figure 5(b) ), and the total ellipticity change on refolding is 13 millidegrees. Thus, any intermediate that may be formed in an initial, rapid step that is too fast to be detected in the stopped-¯ow apparatus would have only a small amount of helical structure, if any, given the experimental errors in the measurements.
Structural model of p16
The structures of p16 (Byeon et al., 1998) and p18 (Venkataramani et al., 1998) have the same global fold, with similar C a backbones. The only differences are ®rst, that p18 and p19 have an additional ankyrin repeat, and second, the antiparallel b-hairpin structure in the loops of p18 and p19 was not observed in p16, possibly because of the conformational¯exibility in these regions of p16. The coordinates of p16 have not been released, but a model of p16 was constructed using the p18 coordinates, kindly provided by R. Marmorstein (The Wistar Institute, USA). The model contains four ankyrin repeats. Each exists as a b-strand helixturn-helix b-strand. The overall structure gives an extended L-shaped molecule. The eight residues, mutation of which are presented here, were mapped to the model (Figure 7 ).
Refolding assay
Wild-type and mutant p16 were expressed in inclusion bodies in Escherichia coli, and the protein was therefore puri®ed under denaturing conditions and subsequently refolded by dialysis into a refold- ing buffer, as described in Materials and Methods. We used a number of probes to assay refolding. Preparative size-exclusion chromatography (SEC) was used to detect high-order aggregates. No aggregation or oligomerisation was detected upon refolding of wild-type p16, although oligomerisation was observed in other studies (Boice & Fairman, 1996; Tevelev et al., 1996) . Non-aggregated fractions of mutant proteins were collected and analysed further, as follows: analytical SEC and¯uorescence spectroscopy were used to monitor the integrity of the tertiary structure. The Stoke's radius that is obtained from this experiment gives an estimate of the molecular dimensions of the protein. The secondary structure content was determined by measuring the CD spectrum in the far-UV region. The conformational properties were then probed further by studying the response to urea.
Q50R
The mutant Q50R is a germline familial melanoma mutation (Walker et al., 1995) . It has not been functionally tested. Q50 is located in the ®rst fourresidue helix of the second ankyrin repeat (Figure 7) , and the side-chain interacts with residues in the ®rst helix of the third repeat. The mutant protein aggregated completely upon refolding (data not shown).
H98P, P114L and V126D
H98 is located in the second helix of the third repeat, and its side-chain interacts with residues in the second helix of the fourth repeat. The mutation H98P was isolated from primary melanoma, and failed to arrest G1 growth or to inhibit cyclin-CDK4 kinase activity (Koh et al., 1995) . P114 is located in the ®rst helix of the fourth repeat, and its side-chain interacts with residues in the ®rst helix of the third repeat. The mutation P114L was identi®ed in melanoma cell line (Kamb et al., 1994) was unable to bind CDK4 or CDK6 (Harland et al., 1997) . V126D, a germline mutation in the second helix of the fourth repeat, was detected in several unrelated families with familial melanoma (Hussussian et al., 1994) . The side-chain interacts with the second helix of the third repeat. An eightfold excess of the protein was required for the inhibition of cyclin-CDK4 activity and completely failed to inhibit cyclin D1-CDK6 activity (Ranade et al., 1995) , and it was unable to bind CDK4 and CDK6 at the higher temperature of 42 C .
For all three mutants, approximately 50 % of the sample formed high-order aggregates upon refolding. Non-aggregated proteins were isolated and analysed further. All the mutants had disrupted helical structure, as shown by the reduced ellipticity minimum at 222 nm when compared with wild-type p16 (Figure 6(a) ). This agrees with previous results (Tevelev et al., 1996; Zhang & Peng, 1996) . Only weakly co-operative transitions were observed upon addition of urea (Figure 8(a) ). Further, there was no change in the¯uorescence spectra of the mutant proteins on addition of urea, indicating a lack of folded tertiary structure (data not shown).
The elution volumes of the mutant proteins correspond with Stoke's radii that are more than 50 % greater than that of wild-type p16 (Table 2) , and the volumes decreased in a non-co-operative manner with increasing [urea] , indicating the absence of cooperative tertiary structure (Figure 9 ). The elution volumes of the mutants in the absence of urea decreased with increasing protein concentration, showing that the proteins were not monomeric.
The sulfate ion stabilises some proteins. Wildtype p16 is stabilised by 2.2 kcal mol À1 by the Table 1 were derived.
Stability and Folding of p16
presence of 350 mM sodium sulphate (1.8 kcal mol À1 when compared with the buffer used for the mutant proteins, which contains 100 mM NaCl). The CD spectra of the three mutants in this buffer were unchanged in the presence of 350 mM sodium sulfate; however, analytical SEC revealed that the proteins formed high order aggregates under these conditions (data not shown).
Proline residues are known helix-breakers, and therefore the substitution of H98 with a proline may disrupt the helical structure in p16. Proline residues frequently initiate the a-helices in the INK4 proteins. Indeed, proline is completely conserved at the start of the ®rst helix of the fourth repeat (P114) and appears to be conserved for stability, since substitution of the proline with a leucine in p16 results in aggregation and misfolding. V126 in p16 appears also to be completely conserved for the same reason.
R24P
R24P is a germline familial melanoma mutation located in the turn of the ®rst repeat (Holland et al., 1995) . It was able to bind CDK6 but not CDK4 (Harland et al., 1997) . Some aggregation was observed for this mutant upon refolding. The monomeric fraction had a larger Stoke's radius than the wild-type (Figure 9) , and a somewhat lower helical content (Figure 6(a) ). The helical structure has a co-operative transition with increasing [urea] (Figure 8(a) ). A co-operative transition was also observed by SEC. But even in 0 M urea, the mutant protein is partly unfolded at room temperature, and this would explain the larger Stoke's radius.
P81L
P81L is a somatic mutation of the residue initiating the ®rst helix of the third repeat. Its side-chain interacts with residues in the short ®rst helix of the third repeat. It was identi®ed in a melanoma-prone pedigree and had a greatly reduced af®nity for CDK4 and CDK6 (Reymond & Brent, 1995) . It has a similar helical content to the wild-type protein (Figure 6(b) ), in agreement with the study by Zhang & Peng (1996) . However, the Stoke's radius is greater than that of wild-type (Figure 9 ). The CD-monitored denaturation curve could be ®tted to a two-state equation (Figure 8(b) ), with a midpoint of denaturation of 3.4(AE0.2) M which is greater than the corresponding value for wild-type (1.9 M), and an m-value of 1.1(AE0.3) kcal mol wt . e Calculated using far-UV CD measurements at 222 nm at 25 C. The protein concentration was 5 mM in 15 mM sodium phosphate (pH 7.5), 1 mM DTT and 100 mM NaCl. Figure 9 . Size-exclusion chromatography of wild-type p16 and mutants upon urea-induced denaturation measured using a Superdex 200 gel-®ltration column. The K av value is the partition coef®cient relative to the void and bed volumes of the column, calculated as described in Materials and Methods. The protein concentration was 25 mM in 15 mM sodium phosphate (pH 7.5), 100 mM NaCl and 1 mM DTT at 25 C. The wild-type data are included for comparison. The data for wild-type (*), D74N () and D84N (!) were ®tted to a two-state transition; the data for R24P (*), P81L (^), H98P (^), P114L (~) and V126D (Â) are shown for clarity with a smoothing function. M À1 , which is smaller than that of wild-type (2.0 kcal mol À1 M À1 ). It was not possible to ®t the denaturation curve obtained by SEC to a two-state equation because of the strong urea-dependence of the baselines, but a transition could be observed and the midpoint of denaturation, approximated by visual inspection, agrees with that measured by CD.
À1

D74N
D74N is a de novo acquired somatic mutation located in the loop between the second and third repeats. It forms part of the interface between p16 and CDK4. It was isolated independently from tumours of the esophagus and bladder (Mori et al., 1994) , and failed in G1 growth arrest and cyclin D1/CDK4 kinase inhibition (Koh et al., 1995) . No aggregation was observed and the Stoke's radius was similar to that of the wild-type. The study by Zhang & Peng (1996) indicated that this mutant had disrupted secondary structure, but according to our measurements the secondary structure content was similar to that of wild-type (Figure 6(b) ). The m-value and midpoint of denaturation were lower than the wild-type values (Figure 8(b) ), and the free energy of unfolding in water was calculated to be 1.7(AE0.2) kcal mol À1 . Protein destabilisation is, therefore, likely to be the cause of inactivation by the mutation D74N.
Sodium sulfate (350 mM) had a stabilising effect. The urea concentration of the midpoint of denaturation was increased, and the m-value was also greater and was similar to that of the wild-type protein. Sodium sulfate stabilised the mutant protein by 2.6 kcal mol À1 , compared with the stabilisation of 1.8 kcal mol À1 for wild-type ( Figure 10 ).
D84N
Mutation of this residue, that is located at the p16-CDK4 interface, was found in esophageal squamous cell carcinomas (Mori et al., 1994) . It effectively inhibited cyclin-CDK4 kinase activity, but was intermediate in its ability to cause G1 growth arrest (Koh et al., 1995) . Both SEC (Figure 9 ) and CD (Figures 6(b) and 8(b) ) show that the mutant has similar biophysical properties to those of the wild-type, in agreement with the study by Tsai and co-workers (Tevelev et al., 1996) , except that D84N appears to have an increased helical content. As suggested, D84 is a surface residue and is probably involved in CDK4 binding (Byeon et al., 1998) .
Discussion
We have shown that the folding of full-length p16 has thermodynamic and kinetic properties identical with those of the truncated form (lacking the ®rst eight amino acid residues). We have used the truncated form for more detailed characterisation and for determination of the effects of cancerassociated mutations, since this form expresses at a higher yield.
Equilibrium stability of p16
The coincidence of the denaturation curves obtained by different conformational probes, namely CD and¯uorescence spectroscopies and size-exclusion chromatography, indicates that p16 unfolds at equilibrium in a two-state manner. The protein has a low thermodynamic stability (3.1 kcal mol À1 in Tris buffer (pH 7.5), at 25 C) compared with other small proteins, which tend to have stabilities in the range 5-15 kcal mol
À1
. The m-value, however, lies within the range observed for other proteins of a similar size (Myers et al., 1995) . The intrinsic helical propensity of the amino acid sequence of p16 was investigated using the programme AGADIR (Munoz & Serrano, 1995a,b) . The sequences corresponding to the helices of repeats 1, 2 and 4, were predicted to have high helical propensities of approximately 20 %, and those of repeat 3 had much lower predicted propensities of approximately 5 %. Thus, the amino acid sequence of p16 has a reasonable helical propensity. Interestingly, synthetic peptides corresponding to repeat 3 bind CDK4 and CDK6, and inhibit pRB phosphorylation by CDK4/6 in vitro (Fahrñus et al., 1996) .
The ankyrin repeats in the INK4 proteins and in 53BP2 stack in a linear fashion to give an elongated, non-globular structure. Most of the van de Waals' interactions are between helical segments of neighbouring repeats, and the lack of longer-range interactions could result in a relatively unstable molecule. Another potential instability source is the presence of long loops that connect the helix-turn-helix motifs. These interact to form an antiparallel b-sheet structure in p18 and p19. These regions are unstructured in p16, however, which would be costly in entropic terms. M À1 at 0 M urea) indicates that the rate-limiting transition state for refolding/unfolding is very compact (89 % compared with the native state). This is more compact than the rate-limiting folding/unfolding transition states of most other small proteins, which are between 60 % and 75 % as compact as the native state. There is one exception to-date: the cold-shock family of proteins are all-b proteins that fold in a two-state manner (Perl et al., 1998; Schindler et al., 1995) . These proteins have transition states that are between 80 and 90 % as compact as their native states.
Since b-sheet structure involves a higher proportion of non-local interactions relative to local interactions than does a-helical structure, it has been suggested that the transition state of unfolding of all-b proteins would be reached at an earlier point in the reaction than that of all-helical proteins, because breaking only a few non-local interactions would be required to destabilise the structure. A weak correlation was shown between relative contact order (the average sequence separation between contacting residues in the native state normalised by the total sequence length) and the position of the transition state of folding (Plaxco et al., 1998) . p16 can be considered an allhelical protein, since the b-sheet region that links the helical structure in the other INK4 proteins is¯e xible and unstructured in p16. Indeed, the relative contact order of the p18 structure has a value of 6 (K. Wong, University of Cambridge, personal communication), which is very low in comparison with the values of 9 for some all-helical proteins to 20 for some all-b proteins. Yet, the transition state of unfolding of p16 is very close to the native state.
p16 has a very low energy barrier for unfolding Unfolding of most small proteins is very slow in the absence of denaturant (again, with the exception of CspB, which unfolds with a rate constant of 10 s À1 in water; Schindler et al., 1995) , and a high energy barrier may be important in order to prevent proteins from undergoing proteolysis or aggregation. p16, however, unfolds with a rate constant of 0.8 s À1 in the absence of denaturant, which is relatively fast. The¯exibility of the protein, conferred by thermodynamic and kinetic instability, may be necessary for its regulatory function. It will be interesting to see whether these are characteristics of all the INK4 proteins, and of other proteins containing multiple ankyrin repeats. The ubiquitous motif is found in proteins of many different functions, and conformational¯exibility may be needed in order to mediate a diverse range of protein-protein interactions. Other proteins that consist of multiple copies of short (30-40 amino acid residue) repeats have been identi®ed (Bignell et al., 1997; Das et al., 1998; Huber et al., 1997; Peifer et al., 1994) . They, like the ankyrin-repeat structures, may stack in a linear fashion that, combined with the low stability, could provide a very large and¯exible surface for interaction with other molecules. This suggests a very different class of molecular recognition processes from that involving the tight matching of complementary surfaces. Of interest in this regard, a recent study of p21 Waf1 , a member of an unrelated family of CDK inhibitors, revealed that the protein lacks stable secondary or tertiary structure in solution, but becomes more ordered on binding to CDK2 (Kriwacki et al., 1996) .
Contribution of individual amino acids to p16 folding and stability
The mechanisms of p16 inactivation by the single point mutations investigated in this study include extensive aggregation, loss of folding ability leading to formation of partly folded or misfolded species, destabilisation of the native state and change in surface residue charge. Inactivation by destabilisation of the native state was also observed for a number of cancer-associated point mutations in the core domain of p53 (Bullock et al., 1997) . A 20 amino acid residue peptide fragment of p16 has been shown to mimic the function of the full-length protein (Fahrñus et al., 1996) , suggesting that only a small section is required for molecular recognition. But the cancer-associated mutations are spread all over the protein, and those outside the peptide sequence must in¯uence the structure of the protein in such a way as to effect the conformation of this sequence. Our results are consistent with this, since most of the mutations have a global rather than local affect on the structure.
The quantitative effects of the mutations on the secondary and tertiary structure of p16 are summarised in Table 2 . The Stoke's radii of the mutants H98P, P114L and V126D were greater than that of the wild-type, and their radii increased with increasing protein concentration, indicating that the proteins were oligomeric. That of the mutant R24P was greater by almost 30 %. The proportion of high-order aggregated species was greatest for these mutants. This may be a result of increased exposure of hydrophobic surface in these partly folded mutant proteins. The¯uorescence spectra of the mutants and the lack of any change on addition of urea, indicate that they do not have folded structure. No non-aggregated species could be detected for the mutant Q50R, suggesting that this mutation had an even more drastic effect on the stability of the native state.
The mutation D74N had a less dramatic effect on the structure of the protein than did the other mutants. The protein had a similar helical content and Stoke's radius to the wild-type. However, the m-value obtained upon urea-induced denaturation was considerably smaller, and the protein is destabilised relative to wild-type by 2 kcal mol À1 . The free energy of unfolding in water is 1.7 kcal mol À1 , which means that only 90 % of molecules are folded even in the absence of denaturant. D84 is the starting residue of the functional p16 peptide. The mutant D84N has similar biophysical properties to wild-type. D74N and D84N are inactivating mutations because the residues participate in the hydrogen-bond network at the p16-CDK4 complex interface.
One feature of ankyrin-repeat proteins has been predicted to be a central hydrophobic a-helix, which interacts with other repeats (Bork, 1993) , and the ability to form a stable tertiary structure requires multiple copies of the repeats. Consistent with this, the most drastic mutations in p16 are those that disrupt interactions between consecutive repeats. It will be interesting to see if other ankyrin-repeat proteins, in particular the more distantly related INK4 proteins p18 and p19, are as sensitive to point mutations as is p16. The method described here will provide a comprehensive approach for determining whether additional repeats can give the proteins extra stability and to observe the effects of mutations on their folding and structure.
Relationship between p16 folding and cellular immortalization
Many of the p16 mutations in tumour cells are missense mutations resulting in single amino acid substitutions, rather than large genomic deletions or truncations as observed, for example, for pRb. p16 is extremely vulnerable to single amino acid changes: mutations result in loosely packed species that tend to aggregate, which may be a consequence of the relatively low thermodynamic and kinetic stability of the wild-type protein. This vulnerability provides a possible explanation for the striking frequency of cancer-associated missense mutations identi®ed in p16, and provides further support for the important role of p16 in cellular immortalization.
Implications for drug therapy
The``magic bullet'' approach requires a target that is common to all tumour cells. Accumulating evidence suggests that the frequency of alterations in the INK4 locus (p16 and p19 ARF ) in human cancers may be second only to that of p53, irrespective of patient age, sites and tumour types (Hainaut et al., 1997; Hall & Peters, 1996; Sherr, 1996) . Therefore, p16-functionally compromised tumour cells are likely potential targets of future therapeutic candidates.
Materials and Methods
Materials
High-purity urea was obtained from Rose Chemicals Ltd. Pure cyclophilin A was kindly provided by N. Foster and Dr S. E. Jackson, Cambridge, UK. All other reagents were from Sigma and BDH.
p16 cloning and mutagenesis
A cDNA for (truncated) p16 was synthesised from HeLa cell mRNA using a ®rst strand cDNA synthesis kit (Pharmacia). This was then ampli®ed by PCR and cloned into the EcoRI and NdeI sites of pET21-a vector (Novagen). Correct clones were identi®ed by sequencing (Department of Biochemistry, University of Cambridge, and Oswel, University of Southampton). Full-length p16 was made by insertion in two steps using the QuickChange kit (Stratagene). This was then sub-cloned into a vector containing the GST and cloning sites from pGEX2T cloned into the pRSET A vector from Invitrogen. The p16 mutants were made using the QuickChange kit. Correct clones were identi®ed by DNA sequencing.
p16 expression and purification
The expression and puri®cation protocol of the truncated p16 was modi®ed from Tevelev et al., (1996) . A ®ve hour culture of BL21(DE3) containing the p16 expression vector in 2TY medium with 0.5 mg ml À1 ampicillin was transferred to fresh medium. The cells were grown at 37 C to A 600 0.6-1.0, and induced with 0.5 mM IPTG for four to ®ve hours. Cells were harvested by centrifugation at 5000 g for ten minutes. The cell pellet was resuspended in buffer 1 (50 mM Tris buffer (pH 8.0), containing 25 % (w/v) sucrose, 1 mM EDTA, 0.5 mM PMSF) and lysed by sonication. After centrifugation at 15,000 rpm for 20 minutes, the pellet was resuspended in buffer 1 and sonicated again. Centrifugation was repeated and the pellet was resuspended in 20 mM Tris buffer (pH 8.0), containing 1 % (v/v) Triton X-100, 1 mM EDTA, 0.5 mM PMSF, centrifuged again and the pellet resuspended in 8 M urea, in 50 mM Tris buffer (pH 8.0), 50 mM DTT, 5 mM EDTA. The sample was loaded onto a DEAE fast-¯ow Sepharose (Pharmacia) column equilibrated in buffer 2 (4 M urea, 20 mM Tris buffer (pH 8.0), 5 mM DTT, 1 mM EDTA). p16 was eluted using a gradient of 0 M to 0.5 M NaCl. Fractions containing p16 were pooled and concentrated using an Amicon concentrator with a YM10 membrane. The sample was loaded onto a preparative Superdex-75 column (Pharmacia) equilibrated in buffer 3 (buffer 2 with 140 mM NaCl). Fractions containing p16 were pooled and refolded by dialysis at 4 C against buffer 3 without the urea, and dialysed further against 10 mM Tris (pH 8.0), 1 mM DTT, 5 mM EDTA. The refolded protein was then loaded onto a preparative Superdex-200 column in order to check for high-order aggregates that may have formed upon refolding, and eluted with buffer containing 10 mM Tris (pH 8.0), 1 mM DTT, 5 mM EDTA. Fractions containing monomeric p16 were pooled, dialysed against 10 mM Tris (pH 8.0), 1 mM DTT, 5 mM EDTA, and concentrated to 50-100 mM using an Amicon Centriprep 3 concentrator. The protein was ash-frozen and stored at À70 C. Fresh transformants of BL21(DE3) containing the fulllength p16 expression vector were transferred to 2TY medium containing 0.5 mg ml À1 ampicillin. The cells were grown at 26 C to A 600 0.6-1.0, and induced with 0.1 mM IPTG for 16-18 hours. Cells were harvested by centrifugation at 5000 g for 10 minutes. The cell pellet was resuspended in 50 mM PBS buffer containing 1 mM DTT and lysed by sonication. After centrifugation at 15,000 rpm for 20 minutes, p16 was puri®ed from the supernatant in a batchwise manner using glutathione Sepharose 4B resin (Pharmacia). p16 was cleaved from the resin with thrombin and further puri®ed by a preparative Superdex-75 column equilibrated with 50 mM Tris (pH 7.5), 100 mM NaCl, 1 mM DTT, 5 mM EDTA. p16 eluted as a monomer and fractions were pooled and dialysed against 10 mM Tris pH 8.0, 1 mM DTT, 5 mM EDTA,¯ash-frozen and stored at À70 C. Both truncated and full-length forms of p16 was pure as judged by SDS-PAGE chromatography and electrospray mass spectrometry, and the proteins ran as monomer on an analytical S200 gel ®ltration column (Pharmacia). Protein concentration was measured spectrophotometrically using an extinction coef®cient of e 280 13,340, calculated by the method by Gill & von Hippel (1989) . Mutant (truncated) proteins were puri®ed as for the wild-type.
Detection of aggregation/oligomerization of refolded mutant proteins
The extent of protein aggregation/oligomerization was monitored by size-exclusion chromatography (SEC). The refolded protein was loaded onto a preparative Superdex 200 or Superdex 75 column (Pharmacia) and eluted with a buffer containing 10 mM Tris (pH 8.0), 1 mM DTT, 5 mM EDTA.
Equilibrium CD measurements
All equilibrium experiments were performed in the presence (1 mM) of the reducing agents DTT or DTE to keep the single cysteine residue in a reduced state. Solutions of urea were prepared using a Hamilton MicroLab M, and the protein stock was then added using a Gilson pipette. The samples were equilibrated at the required temperature for one hour before measurement.
CD spectra were recorded on a Jasco J720 spectropolarimeter using a cell of pathlength 0.1 cm. The protein concentration was 5 mM. Spectra were acquired at a scan speed of 50 nm per minute with a 1 nm slit and four second response time, and two scans were averaged. The cell was thermostatted using a waterbath at 25 C and the temperature of each sample monitored before measurement using an Edale Instrument thermometer. A baseline correction was made with buffer.
The data were ®tted to equation (3), which assumes a two-state model in which the¯uorescence of the native and denatured state is dependent on urea concentration (Clarke & Fersht, 1993) :
e is the ellipticity at a given concentration of urea, [U] , a N and a D are the intercepts, and b N and b D are the slopes of the baselines at low (N) and high (D) urea concentrations. The [U] 50 % value is the concentration of urea at which half of the protein is denatured, R is the gas constant, and T is the temperature in K; m D À N is a constant that is proportional to the increase in solvent accessible surface area between native and denatured states (Pace, 1975) . The data were ®tted to this equation by non-linear least-squares analysis using the curve-®t option of the software Kaleidagraph (Abelbeck Software), which gives the values of [U] 50 % , and m and their standard errors. The free energy of unfolding in the presence of urea, ÁG [U] D À N , is related to the concentration of denaturant (Pace, 1986) :
Therefore, the free energy of unfolding in the absence of urea, ÁG H2O DÀN , can be calculated as: ÁG H2O DÀN m DÀN U 507 5
Fluorescence spectroscopy
Denaturation was also monitored by¯uorescence using an Aminco-Bowman Series 2 luminescence spectrouorimeter with excitation at 280 nm (bandpass 4 nm), and emission scanned between 300 and 400 nm (bandpass 4 nm) at a rate of 60 nm per minute. Protein (100 ml) was added to 800 ml of buffer containing urea, and the sample equilibrated for one hour at 25 C before measurement. The protein concentration was 3 mM. The temperature was monitored by a thermocouple in the cell.
Size-exclusion chromatography
Changes in the hydrodynamic volume of p16 in the presence of urea were monitored by gel ®ltration chromatography using an analytical Superdex-200 column (Pharmacia), equilibrated with 15 mM phosphate buffer (pH 7.5), containing 1 mM DTT, 100 mM NaCl and the corresponding concentration of urea. The salt was used to screen ionic interactions with the support. Samples of p16 at 25 mM were equilibrated in the same buffer as present in the column, and allowed to equilibrate for ten minutes before they were loaded onto the column. The chromatography was run at a¯ow rate of 0.7 ml per minute. The column was calibrated using a series of molecular mass marker proteins according to the column instruction manual. The plot of elution volume versus [urea] was ®tted to the two-state model using equations (3) to (5).
Determination of Stoke's radii
The partition coef®cient, K av , is calculated from the elution volume of the sample, V x , using the expression:
where V o and V t are the void volume and the total column volume, respectively. The Stoke's radius of the protein, R S , can be calculated from K av using the following expression:
where s is slope and K av,0 the Y-intercept, respectively, of a plot of K av versus R S obtained using the low molecular mass calibration kit from Pharmacia.
Stopped-flow fluorescence
Kinetic experiments were performed using an Applied Photophysics SX-17MV stopped-¯ow instrument at 25
C. An excitation wavelength of 280 nm was used, and emission was monitored at wavelengths above 320 nm using a cut-off ®lter.
Unfolding experiments were performed by mixing protein in 50 mM Tris (pH 7.5) with one or ®ve volumes of urea containing the same buffer. pH-jump refolding was performed as follows: the protein was denatured in 30 mM HCl. Refolding was initiated by rapid mixing with an equal volume of renaturing buffer (100 mM Tris (pH 8.1)) to give ®nal buffer conditions of 50 mM Tris (pH 7.5). Refolding by urea dilution was also performed as follows. The protein was denatured in 3.5 M urea, 50 mM Tris (pH 7.5). Refolding was initiated by rapid mixing with ®ve or ten volumes of renaturing buffer (50 mM Tris (pH 7.5)). The protein concentration after mixing was 2 mM for all experiments. DTT (1 mM) in the refolding buffer had no effect on the kinetics.
The kinetics of refolding was also measured in the presence of cyclophilin A. Cyclophilin A at a concentration of 2 mM was added to the refolding buffer (without urea). Refolding was initiated by mixing pHdenatured p16 with this buffer to give ®nal concentrations of p16 and cyclophilin A of 1 mM.
Data collected from at least three scans were averaged and ®tted using Kaleidagraph. Unfolding traces were ®tted to a single exponential function. Refolding traces were ®tted to a triple exponential function. A term was included to account for baseline instability.
Stopped-flow CD
Measurements were made at 25 C on an Applied Photophysics SX-17MV stopped-¯ow apparatus ®tted with a circular dichroism detector. Ellipticity was monitored at 222 nm, and the cell pathlength was 0.2 cm. A baseline correction was made with buffer.
Unfolding and refolding experiments were performed as described for the stopped-¯ow¯uorescence. Unfolding was measured at four different urea concentrations between 2.4 M and 8 M, and refolding by pH-jump was measured at four urea concentrations between 0 M and 1.5 M. The protein concentration was 8 mM after mixing. Data from between two and ®ve scans were averaged.
